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Histone acetyltransferases (HATs) assemble into multisubunit complexes in order to target distinct lysine 
residues on nucleosomal histones. Here, we characterize native HAT complexes assembled by the BRPF 
family of scaffold proteins. Their plant homeodomain (PHD)-Zn knuckle-PHD domain is essential for binding 
chromatin and is restricted to unmethylated H3K4, a specificity that is reversed by the associated ING 
subunit. Native BRPF1 complexes can contain either MOZ/MORF or HBOl as catalytic acetyltransferase 
subunit. Interestingly, while the previously reported HBOl complexes containing JADE scaffold proteins 
target histone H4, the HBOl-BRPFl complex acetylates only H3 in chromatin. We mapped a small region to 
the N terminus of scaffold proteins responsible for histone tail selection on chromatin. Thus, alternate choice 
of subunits associated with HBOl can switch its specificity between H4 and H3 tails. These results uncover 
a crucial new role for associated proteins within HAT complexes, previously thought to be intrinsic to the 
catalytic subunit. 

[Keywords: acetyltransferase complexes,- PHD fingers,- histone tails,- MYST family,- chromatin acetylation,- BRPF1] 
Supplemental material is available for this article. 

Received May 29, 2013; revised version accepted August 23, 2013. 



In eukaryotic cells, DNA wraps around histone octamers 
to form nucleosomes, the basic units of chromatin. This 
structural organization not only allows compaction of 
the DNA in the nuclei, but also regulates diverse cellular 
processes such as DNA repair, transcription, and repli- 
cation. This regulation is mainly exerted via the differ- 
ent post-translational modifications of the protruding 
N-terminal tail residues of histones, such as acetyla- 
tion, methylation, phosphorylation, ubiquitination, and 
sumoylation. These modifications act as docking sites for 
different protein effectors involved in many cell pathways 
(Musselman et al. 2012). Acetylation of histone lysines is 
one of the best-characterized functional modifications. It is 
deposited by histone acetyltransferases (HATs) by trans- 
ferring the acetyl group from acetyl-CoA on the s-amino 
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group of lysine residues. Although histone acetylation 
has mostly been associated with transcriptional acti- 
vators and regulators, it has also been implicated in 
other processes, such as DNA repair and replication 
and mRNA splicing (Shahbazian and Grunstein 2007; 
van Attikum and Gasser 2009; de Almeida and Carmo- 
Fonseca 2012). 

The MYST (MOZ, Ybf2/Sas3, Sas2, and Tip60) family 
of acetyltransferases is composed of evolutionarily con- 
served enzymes that are assembled into multisubunit 
protein complexes. They acetylate histone tails within 
chromatin but also target nonhistone substrates in both 
humans and yeast (Sapountzi and Cote 2011). We pre- 
viously purified several native MYST complexes and 
found that they are based on a tetrameric core structure 
associated with an ING tumor suppressor subunit, the 
Eaf6 subunit, and an EPC (enhancer of poly comb) -related 
scaffold subunit (Doyon et al. 2006; Saksouk et al. 2009; 
Avvakumov et al. 2012). Four human MYST complexes 
assemble in such a manner,- namely, Tip60 (KAT5), HBOl 
(MYST2 and KAT7), MOZ (MYST3 and KAT6A), and 
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MORF (MYST4 and KAT6B) (Fig. 1A). These enzymes 
have been shown to play crucial roles in DNA repair, 
recombination, and replication as well as in transcription 
activation (Avvakumov and Cote 2007b), which in turn 
regulates developmental processes (Voss and Thomas 
2009) and is involved in leukemia and several genetic 
diseases (Avvakumov and Cote 2007a ; Yang and Ullah 
2007; Voss and Thomas 2009). 

As for several chromatin-related proteins, the MYST- 
ING complexes comprise diverse subunits that carry 
various histone recognition modules that bind to differ- 
ent post-translationally modified residues. Indeed, they 
contain chromodomains, bromodomains, and PWWP 
domains, but the most abundant histone-binding domain 
found within these proteins is the PHD (plant homeo- 
domain) finger. PHD fingers form a versatile recognition 
motif family that binds to different histone modifications 
of the N-terminal tail of histone H3. Most of the PHD 
fingers can read the histone methylation state of H3K4 
(meO vs. me2/3), but some can recognize other histone H3 
residues and/or modifications (Musselman et al. 2012). 
We recently characterized the binding properties of the 
different PHD fingers found in the MYST acetyltransfer- 
ase complex HBOl (Saksouk et al. 2009; Avvakumov 
et al. 2012). Even though the various domains found 
within the complex have unique recognition motifs, 
we showed that they cooperate to bind chromatin on 
H3K4me3, a mark found near the transcription start sites 
(TSSs) of actively transcribed genes (Shilatifard 2006). The 
two PHD fingers of the JADE1L scaffold subunit (Fig. IB) 
work together to recognize unmethylated H3K4, while 
the PHD finger of the ING4 subunit directs the binding of 
the entire complex toward H3K4me3. Indeed, ING tumor 
suppressor proteins all contain a PHD finger that recognizes 
H3K4me3 (Pena et al. 2006; Shi et al. 2006; Champagne 
et al. 2008; Saksouk et al. 2009). The integration of the 
different binding properties of PHD fingers within the 
HBOl complex allows for its tumor suppressor activity 
through its regulation of transcriptional activity, leading to 
the control of cell proliferation (Avvakumov et al. 2012). 

The BRPF1 protein is the scaffold subunit of the MYST 
acetyltransferase complex MOZ/MORF (Doyon et al. 
2006; Ullah et al. 2008). It has been shown to play a role 
in maintaining anterior HOX gene expression during 
zebrafish development and consequently in determining 
segmental identity (Laue et al. 2008). It is also thought to 
be part of the TrxG family of genes, which are important 
for maintaining active genes during development (Laue 
et al. 2008). The mutually exclusive catalytic subunits of 
the complex (MOZ and MORF) are also known to play 
a role in HOX gene expression and development in both 
mice and zebrafish (Miller et al. 2004; Voss et al. 2009; 
Qiu et al. 2012). Moreover, the MOZ acetyltransferase is 
frequently translocated in acute myeloid leukemia and is 
required for proper hematopoietic stem cell (HSC) pro- 
liferation (Katsumoto et al. 2006; Thomas et al. 2006; 
Perez-Campo et al. 2009; Aikawa et al. 2010). As for many 
chromatin-related proteins, BRPF1 contains a variety of 
histone recognition modules that can bind to different 
modifications (Fig. IB). Its N-terminal region has two 



PHD domains linked by a Zn knuckle (PZP [PHD-Zn 
knuckle-PHD] domain), while the C terminus has both a 
bromodomain and a PWWP domain. This PWWP domain 
can bind to the H3K36me3 mark found on the coding 
regions of active genes (Vezzoli et al. 2010). As for other 
scaffold subunits within MYST complexes, BRPF1 also 
contains at its N terminus a region of homology with the 
EPcA domain found in EPC proteins (Stankunas et al. 1998; 
Avvakumov et al. 2012). We showed that two homology 
subdomains within EPcA serve as docking sites — one for 
the HAT subunit (domain I) and one for the hEaf6 and ING 
proteins (domain II) (Fig. IB; Avvakumov et al. 2012). 

In this study, we first dissected the molecular interac- 
tions of the PZP domain in BRPF1 for different chromatin 
modifications, showing that the first PHD domain acts 
dominantly over the second one in targeting unmethy- 
lated H3K4, but they function together to drive binding to 
chromatin. Moreover, we found that the different sub- 
units of the complex are distributed genome-wide over 
H3K4me3-rich regions, targeted by the ING5 subunit. 
Finally, we discovered that the different scaffold subunits 
of MYST-ING complexes not only play an essential role 
in enabling chromatin acetylation, but also select which 
histone tail is modified. We propose a model in which the 
HBOl acetyltransferase is competing for binding to either 
BRPF or JADE scaffold subunits in cells and where this 
differential association determines which histone tail is 
acetylated by the HAT on chromatin. While JADE directs 
the acetylation toward the H4 tail, BRPF1 targets H3 
acetylation. Our results thus provide novel insights into 
the mechanism by which MYST acetyltransferases target 
chromatin acetylation from yeast to human cells and 
thus help us to understand how these enzymes regulate 
their different cellular functions. 

Results 

The PZP domain of BRPF1 binds to unmethylated 
histone H3K4 

BRPF1 contains many potential chromatin recognition 
domains, as depicted in Figure IB. We previously demon- 
strated that the JADE1L scaffold subunit found within the 
HBOl HAT complex contains a PZP domain that recog- 
nizes unmethylated H3K4 (Saksouk et al. 2009; Avvakumov 
et al. 2012). Importantly, the first PHD domain of BRPF2 
(also known as Brdl, a paralog of BRPF1) has recently 
been shown to bind the N-terminal tail of histone H3 
(Qin et al. 2011; Liu et al. 2012). As BRPF1 also contains 
a similar tandem PHD finger module, we characterized 
its affinity for histone marks. We first examined the 
affinity of the two separated PHD fingers using peptide 
pull-down experiments with recombinant domains fused 
to GST and biotinylated peptides (Fig. 1C). The first PHD 
(PHD1) domain shows specific binding to unmethylated 
H3K4 peptides, while the second PHD (PHD2) domain 
shows some interaction with H3 peptides irrespective of 
their methylation status. These interactions were also 
analyzed using nuclear magnetic resonance (NMR). Sub- 
stantial chemical shift changes observed in the spectra 
upon addition of the peptide indicated that the PHD1 
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Figure 1. Characterization of the two PHD fingers in the PZP domain of BRPF1. (A) Subunit organization of human MYST 
acetyltransf erase complexes used in this study. The core subunits have a scaffold protein (JADE, BRPF, or EPC), an ING tumor suppressor 
protein (ING3, ING4, or ING5), and a catalytic enzyme protein (Tip60, HBOl, or MOZ/MORF). [B) Schematic representation of the 
conserved protein domains found in the scaffold subunits of MYST-ING HAT complexes (yeast and human). (C) The PHD1 finger of the 
PZP domain of BRPF1 recognizes unmethylated H3 in vitro, while the PHD2 finger shows interaction with H3 peptides independently of 
methylation status. Peptide pull-down assays with different biotinylated peptides and recombinant PHD fingers fused to GST were 
analyzed by Western blotting with anti-GST antibody (Western blott: a-GST). (D) Superimposed 1 H, 15 N heteronuclear single quantum 
coherence (HSQC) spectra of BRPF1 PHD1, collected as unmodified H3 peptide, was titrated in. The spectrum is color-coded according to 
the protein-peptide ratio. (E) Binding affinities of the BRPF1 PHD1 finger for histone H3 peptides with different K4 methylation statuses 
were measured by tryptophan fluorescence. Numbers in parentheses represent the amino acid positions of histone H3 included in the 
peptides. [F] Superimposed ^^N HSQC spectra of BRPF1 PFH32 (collected as indicated) peptides or unlabeled BRPF1 PHD1 were added 
stepwise. The spectra are color-coded according to the protein-peptide ratio. (G) The PZP domain of BRPF1 binds to unmethylated histone 
H3K4 in vitro. Peptide pull-down assays with different biotinylated peptides and recombinant PZP domain fused to GST were analyzed by 
Western blot with a-GST antibody. The PHD1 dictates the specificity of the entire domain toward unmethylated H3K4. (H) Binding 
affinities of the PZP domain for the indicated H3 peptides were measured by tryptophan fluorescence. Numbers in parentheses represent 
the amino acid positions included in the peptides. (NB) No binding was detected. 
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finger recognizes the unmodified histone H3 tail (Fig. ID). 
Moreover, methylation or acetylation of H3K9 did not 
affect binding of PHD1 to H3 (see Supplemental Fig. la,b). 
Likewise, binding of the PHD1 finger to the histone 
peptides mono-, di-, and trimethylated at Lys4 was exam- 
ined by tryptophan fluorescence (Fig. IE). A single methyl 
group attached to Lys4 reduced binding of the PHD1 finger 
by ~ 10-fold, whereas affinity for H3K4me2 and H3K4me3 
was dropped by —100-fold. Thus, methylation of Lys4 
disrupts the association of BRPF1 PHD1 with histone H3. 
Additionally, PHD1 requires the first N-terminal amino 
acids of the H3 tail for proper binding (see Supplemental 
Fig. lb). These results indicate that PHD1 associates with 
the extreme N terminus of histone H3, likely through 
hydrogen bonds and ionic interactions with Alal, Arg2, 
and unmodified Lys4, as reported for other PHD fingers 
(Musselman et al. 2012), and that this binding is dis- 
rupted by methylation of Lys4. To demonstrate that 
PHD1 has a mechanism of interaction similar to those of 
other H3K4meO -binding PHD fingers, we mutated two key 
conserved residues and measured significantly lower bind- 
ing in peptide pull-down assays (Supplemental Fig. lc,d). 

Conversely, neither the N-terminal part of the histone 
tail (residues 1-12) nor the downstream sequence (resi- 
dues 9-19) was able to induce chemical shift changes in 
the 15 N-labeled PHD2 finger of BRPF1, illustrating that 
this module alone is not capable on its own of specific 
binding to these sections of the histone H3 tail (Fig. IF). 
We also found that PHD2 and PHD1 do not interact with 
each other, as no resonance perturbations were observed 
in the PHD2 finger during gradual addition of unlabeled 
PHD1 (Fig. IF). On the other hand, nice chemical shift 
changes were obtained when incubating PHD2 with 
increasing amounts of deoxyribonucleoside monophos- 
phates (dNMPs), suggesting that PHD2 could in fact 
interact with DNA (Supplemental Fig. le). 

The two PHD fingers were then tested together as the 
full PZP module. Peptide pull-downs demonstrate that 
binding of the PZP to the N-terminal tail of H3 is inhibited 
by methylation of H3K4 (Fig. 1G), revealing PHD1 as a 
dominant recognition module over PHD2 within the PZP 
domain. To examine whether the Zn knuckle and/or the 
second PHD2 finger cooperate with PHD1 in the associa- 
tion with H3 by recognizing the histone sequence down- 
stream from Lys9, binding affinity of BRPF1 PZP for a 
longer peptide was measured by tryptophan fluorescence. 
We found that PZP binds to the peptide containing res- 
idues 1-20 of histone H3un with a K d of 12 |jlM (Fig. 1H ; 
Supplemental Fig. If). This value was comparable with the 
Kd value measured for the interaction of a single PHD1 
module with the short H3un peptide (6 |xM) (Fig. IE). 
Furthermore, the PZP domain and PHD1 alone exhibited 
similar affinities toward the short H3un peptide [Kd = 2 
|jlM and 6 |jlM, respectively). Methylation or acetylation of 
Lys9 or Lysl4 had very little to no effect on the interaction 
of PZP with the short H3un peptide (Fig. 1H ; Supplemental 
Fig. If). Together, these data demonstrate that the PZP 
domain of BRPF1 recognizes the histone H3 N terminus 
that is unmethylated on Lys4 and that this in vitro in- 
teraction is driven by the first PHD. 



Each PHD finger of the PZP domain is critical 
for chromatin binding and acetylation 

To determine the functional relevance of the second PHD 
finger, we immunopurified wild- type and APHD2 BRPF1 
complexes from cotransfected 293T cells. Western anal- 
ysis of the wild-type complex indicates the copurification 
of endogenous histone H3 (Fig. 2A). This cofractionation 
is completely lost after removal of the PHD2 domain of 
BRPF1, implying a crucial role in binding histone H3 in 
vivo. Furthermore, when the purified complexes were 
used in HAT assays, acetylation of chromatin was abol- 
ished by the deletion of PHD2, while acetylation of free 
histones was not affected (Fig. 2B). These data indicate 
that, while the NMR studies did not support a role in 
binding to the H3 tail, the second PHD of the PZP domain 
is essential for binding to chromatin and its subsequent 
acetylation. In order to compare these observations with 
the deletion of the first PHD domain, which drives the in 
vitro interaction, we then immunopurified both APHD1 
and APHD2 complexes (Fig. 2C) and compared their 
acetyltransferase activity on chromatin and free histones. 
Similar to PHD2, the PHD1 finger is essential for acety- 
lation of chromatin by the complex while not affecting 
acetylation of free histones (Fig. 2D,E). Altogether, these 
data demonstrate that both PHD fingers of BRPF1 are 
necessary for the complex to bind and acetylate chroma- 
tin, suggesting that the PZP domain functions as a single 
module binding to nucleosomes. 

ING5 directs BRPF1 localization to H3K4me3- 
enriched chromatin at the 5' end of active genes 

We previously identified ING5 as the ING tumor sup- 
pressor subunit of the MOZ/MORF complexes (Doyon 
et al. 2006; Ullah et al. 2008). This association occurs via 
the conserved domain II of BRPF proteins (Ullah et al. 
2008; Avvakumov et al. 2012). As ING proteins contain 
a PHD domain in their C termini that has been shown to 
recognize H3K4me3 (Pena et al. 2006; Champagne et al. 
2008; Musselman et al. 2012), we asked whether the 
presence of the ING5 protein within the complex is 
targeting BRPF1 to the H3K4me3 mark in chromatin. 
First, we used recombinant complexes purified from SF9 
cells ± ING5 to perform HAT assays on histone peptides. 
We observed that the HAT activity of the ING5- containing 
complex is greatly stimulated on H3K4me3 peptides 
when compared with unmodified or H3K9me peptides 
(Fig. 3A). This is reminiscent of our previous observations 
for ING4 and the JADE 1 /HBO 1 complex, where the 
presence of ING4 stimulated acetylation of H3K4me3 
peptides (Saksouk et al. 2009; Avvakumov et al. 2012). On 
the other hand, we observed a clear inhibition of HAT 
activity when peptides carry methylated Lys4 and ING5 
is absent from the BRPF1 complex (Fig. 3B). This result 
corroborates what we observed in Figure 1G, where the 
PZP domain of BRPF1 is unable to bind H3 peptides that 
are methylated on Lys4. Together, these data suggest that 
there is an interplay between the different PHD domains 
found within the complex and that the PHD of ING5 is 
prevailing over the others in driving interaction with 
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Figure 2. BRPF1 PHD1 and PHD2 fingers are required for binding to chromatin and its acetylation. (A) BRPF1 associates with histone 
H3 in vivo, and this binding is lost when the PHD2 finger is deleted. 293T cells were cotransfected with HA-BRPF1 (wild-type [WT] or 
APHD2) plasmids, and Flag-MOZ (MYST domain), Flag-ING5, and Flag-hEaf6 plasmids and whole-cell extracts (WCEs) were used for 
HA immunoprecipitation (IP). As the MYST domain of the MOZ catalytic subunit is sufficient for HAT activity and complex assembly 
(Ullah et al. 2008), it was used to avoid the high degradation sensitivity of the full-length protein (225 kDa). Mock control was 
cotransfected with both HA empty and Flag empty plasmids. Histone H3 binding was analyzed by Western blot a-H3. [B) PHD2 is 
required for proper in vitro chromatin acetylation. HAT assays with the same purified complexes as in A were performed on chromatin 
or free histones. Reactions were spotted on membranes and counted by liquid scintillation. Values are based on three independent 
experiments with standard error. (C) Western blot on purified wild- type, APHD1, and APHD2 complexes in 293T cells showing equal 
expression of the different subunits. WCE was used after cotransfection of HA-BRPF1 plasmids (wild type, APHD1, or APHD2), and 
Flag-MOZ, Flag-ING5, and Flag-hEaf6 plasmids were used for HA immunoprecipitation. HA beads were eluted with HA peptide, and 
fractions were loaded on gel. (D,E) PHD1 is also important for acetylation of chromatin in vitro. HAT assays on free histones [D] or 
chromatin (E) using the complexes purified in C were spotted on membranes for liquid scintillation counting. Values are based on three 
independent experiments with standard error. 



H3K4me3, while the BRPF1 PZP domain is required for 
binding to chromatin per se. 

To test how this interplay occurs in vivo, we then 
performed chromatin immunoprecipitation (ChIP) com- 
bined with deep sequencing (ChlP-seq) experiments in 



human RKO cells using H3K4me3, ING, and BRPF 
antibodies. This p53-positive human colon carcinoma 
cell line shows the expected features when mapping 
the H3K4me3 chromatin mark; i.e., enrichment near the 
TSSs of active genes, with signals increasing with the 
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Figure 3. BRPF1 localizes to H3K4me3 -enriched regions through its association with ING5. (A,B) ING5 directs the binding of the 
entire MORF complex toward H3K4me3 in vitro. Complexes ± ING5 were purified from SF9 cells and used in HAT assays on diverse 
modified histone peptides. Values are based on two independent experiments with standard error. [C-E) ING5, ING2, BRPF1/2, and 
HBOl colocalize with H3K4me3 near the TSSs of genes. Heat maps of each protein ChlP-seq signal on ±5 kb surrounding the TSSs of 
genes are shown. Genes were sorted by gene expression level (see the Materials and Methods) from high (top) to low {bottom), and the 
signals were corrected over reads per million (RPM). (C) Enrichment of H3K4me3 signal compared with H3 signal. ING5 and ING2 (D) 
and BRPF1/2 and HBOl (£) are bound at H3K4me3 -enriched regions near the TSSs of genes. (F,G) BRPF1/2 and ING5 colocalize at the 
p21/CDKNlA gene and the HOXA cluster. The different signals for each protein are shown to illustrate their binding at H3K4me3- 
enriched region near the p21/CDKNlA TSS (F) and each TSS of the HOXA cluster (G). 



expression levels (Fig. 3C; Supplemental Figs. 2a, 3). 
Genome-wide localization analysis of the ING5 protein 
showed enrichment around the TSSs of active genes, on 
the same regions where H3K4me3 is located (Fig. 3D; 
Supplemental Fig. 2b). In comparison, the ING2 protein, 
which also binds H3K4me3 through its PHD domain 
(Pena et al. 2006; Shi et al. 2006), was found within the 
same genomic regions (Fig. 3D; Supplemental Fig. 2c). 
ING2 is a subunit of the histone deacetylase (HDAC) 
complex mSin3a (Doyon et al. 2006; Shi et al. 2006). 
Our data indicate that ING5 (HAT) and ING2 (HDAC) 
complexes colocalize at the TSSs of actively transcribed 
genes, arguing for a primary role of their H3K4me3- 
binding PHD finger in this targeting. Previous genome-wide 



mapping of several HAT and HDAC proteins showed that 
they are similarly found near TSSs of actively transcribed 
regions in a dynamic process allowing rapid resetting of 
chromatin (Wang et al. 2009). We then used an antibody 
raised against the BRPF2 paralog to evaluate genomic 
distribution by ChlP-seq. This antibody is equally effi- 
cient at recognizing the BRPF1 protein (but not BRPF3) 
because of the highly conserved region used as an antigen 
(Supplemental Fig. 4). The BRPF1/2 distribution was also 
localized near the TSSs of active genes at H3K4me3- 
enriched regions, similar to what was observed for ING5 
(Fig. 3E ; Supplemental Fig. 3d). This is also almost 
identical to our recently published genome-wide profile 
of the HBOl HAT in the same cell line (cf. heat maps in 



2014 GENES & DEVELOPMENT 



Histone tail selection by MYST-associated factors 



Fig. 3E ; Avvakumov et al. 2012). Upon closer examination 
at specific loci, we clearly observe colocalization of 
BRPF1/2 and ING5 proteins over H3K4me3-rich regions 
near the p21(CDKNlA) TSS and at the HOXA cluster 
(Fig. 3F,G). 

Overall, these results show that BRPF1/2, ING5, and 
HBOl proteins colocalize on H3K4me3-rich regions sur- 
rounding the TSSs of actively transcribed genes and that 
their signals are proportional to the expression level of 
these genes. In addition, it indicates that the ING5 
protein is a primary determinant for BRPF1/2 complex 
association with specific genomic loci, correlating with 
its binding to the H3K4me3 histone mark both in vitro 
and in vivo. 

Two distinct forms of HBOl complexes exist 
with different scaffold subunits 

We showed previously that the ING5 protein is associ- 
ated with two different MYST acetyltransferase com- 
plexes in HeLa cells: the HBOl -JADE 1/2/3 and MOZ/ 
MORF-BRPF 1/2/3 complexes (Fig. 1A ; Doyon et al. 2006). 
A recent study in K562 cells argued that the BRPF2 
scaffold protein could be associated with the HBOl HAT 
(Mishima et al. 2011). To investigate this possible distinct 
interaction, we purified BRPF1 from stably transduced 
HeLa cells (Fig. 4A). Mass spectrometry and Western blot 
analyses confirmed association of MOZ/MORF HATs, 
hEaf6, and ING5, as we reported previously (Fig. 4A,B ; 
Doyon et al. 2006; Ullah et al. 2008). Significant signals 
were also obtained for HBOl. Thus, both MOZ/MORF 
and HBOl catalytic HAT subunits can be associated 
with BRPF1 in vivo. In addition, ING4 was also identi- 
fied as a BRPF1 -associated factor, in contrast to our 
previous results that suggested its restriction to HBOl- 
JADE1/2/3 complexes (Doyon et al. 2006). Moreover, 
using transduced HBOl as bait for purification from 
HeLa cells, we were able to identify by Western blot and 
mass spectrometry both JADE1L and BRPF2/3 as inter- 
acting partners (Fig. 4C; data not shown). We also 
confirmed the interaction in 293T cells, where immu- 
noprecipitation of Flag-HBOl brings down endogenous 
BRPF1/2 proteins (Supplemental Fig. 5). These results 
demonstrate the presence of a new MYST-ING acetyl- 
transferase complex within HeLa cells, formed by HBOl 
and a BRPF paralog. 

BRPF1-MYST complexes acetylate only histone H3 
in chromatin 

We used the purified BRPF1 fraction for in vitro HAT 
assays and observed a striking specificity for histone H3 
in chromatin, while both H3 and H4 are targeted as free 
histones (Fig. 4D). While we previously found MOZ/ 
MORF-BRPF-ING5 complexes to have similar specific- 
ity (Doyon et al. 2006; Ullah et al. 2008), the presence of 
HBOl in the fraction suggested otherwise. Indeed, HBOl 
is known to acetylate mainly the N-terminal tail of 
histone H4 on chromatin both in vitro and in vivo, 
specifically on Lys5, Lys8, and Lysl2 (Doyon et al. 2006). 
We then used ChIP assays to determine whether the 



presence of additional BRPF1 protein in the transduced 
HeLa cells influences the level of H3 and H4 acetylation 
at specific loci in vivo. When compared with cells trans- 
duced with an empty vector, the Flag-BRPFl cell line 
shows a significant increase of H3 acetylation on both 
Lysl4 and Lys23 at the p21 TSS (Fig. 4E,F). Moreover, 
a slight increase can also be observed 2 kb downstream 
from the p21 TSS, where the BRPF1 complex is still likely 
bound (see Fig. 3F). We also noticed some increase of H4 
acetylation at the same loci, but the effect seems much 
smaller and could be indirect/subsequent to H3 acetyla- 
tion (Fig. 4G). Indeed, H3K14ac was recently shown to 
inhibit demethylation of H3K4 (Maltby et al. 2012), 
which would favor recruitment of other HATs through 
increased H3K4me3. Importantly, no change in H3 and 
H4 acetylation levels was observed at an intergenic 
control locus (Fig. 4E-G). These data indicate that puri- 
fied BRPF1 complexes target mainly H3K14 and H3K23 
in chromatin in vitro and in vivo despite the fact that 
a previously characterized H4-specific MYST enzyme, 
HBOl, is present in the fraction. However, HBOl occu- 
pancy measured by ChIP on the same regions did not 
show any increase in BRPF1 transduced cells compared 
with the control cell line (Fig. 4H). This indicates that 
while increased BRPF1 level leads to higher H3 acetyla- 
tion on p21, it does not seem to target additional HBOl 
protein. 

The scaffold subunits of the MYST-ING complexes 
direct histone tail specificity during acetylation 
of chromatin 

Since no H4 acetylation was observed in vitro with 
the purified BRPF1 complexes containing either MOZ, 
MORF, or HBOl catalytic subunits, we sought to de- 
termine the histone lysine residues targeted by the newly 
identified HBO 1 -BRPF 1 -ING5-hEaf 6 complex. For this 
purpose, we overexpressed in 293T cells the different 
combinations of the desired subunits and purified the 
resulting complexes using the Flag-tagged scaffold sub- 
unit (Fig. 5A). These overexpressed complexes were then 
used in HAT assays on both free histones and chromatin. 
As expected, the BRPF1-MOZ complex acetylates H3 on 
chromatin, whereas the JADE 1 -HBOl complex acety- 
lates H4 (Fig. 5B). This is in sharp contrast to the lack of 
histone specificity when using free histones as the sub- 
strate, where histones H3/H4 are acetylated equally by 
both complexes. Remarkably, when the HBOl acetyl- 
transferase is associated with BRPF1, acetylation of 
chromatin by this complex is restricted to histone H3 
(Fig. 5B). To more precisely identify the lysine residues 
acetylated on H3, we performed HAT assays with un- 
labeled acetyl-CoA followed by Western blot analysis 
with specific histone mark antibodies. We observed an 
increase in H3K23ac and H3K14ac with the HBOl- 
BRPF1 complex compared with the mock fraction, while 
no change in H3K9ac was detected (Fig. 5C). This H3K14/ 
23 specificity was also observed using peptides in HAT 
assays (Supplemental Fig. 6). These results indicate that 
HBOl can acetylate both H3 and H4 lysine residues on 
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Figure 4. The BRPF1 scaffold subunit copurifies with both MOZ/MORF and HBOl catalytic subunits. (A) A transduced stable 
HeLa cell line expressing 3xFlag-BRPFl was used to purify associated proteins by anti-Flag immunoprecipitation/elution. 
Immunopurified proteins were analyzed on gel by silver staining. Nonspecific contaminants are shown by the asterisk. (B) The 
purified complex in A was analyzed by Western blot with the indicated antibodies. The two bands appearing with the MORF 
antibody are both MOZ and MORF, as the MORF antibody recognizes both proteins (Ullah et al. 2008). (C) Western blot analysis of 
a tandem affinity purification (TAP) from a transduced HeLa cell line stably expressing HA-HBOl-TAP (protein A and calmodulin - 
binding protein). (C) BRPF1 complexes acetylate histone H3 on chromatin in vitro. HAT assays were performed on free histones or 
native chromatin with the purified BRPF1 fraction in A. Acetylated histones were separated by SDS-PAGE and revealed by 
fluorography. [E-G] BRPF1 complexes acetylate histone H3 on chromatin in vivo. ChIP analysis of H3K14/K23 and H4 acetylation 
in transduced HeLa cells stably expressing BRPF1. Acetylation levels corrected for nucleosome occupancy (total H3 signal) were 
measured at the p21 TSS, 2 kb downstream, and at an intergenic locus. BRPF1 significantly increases H3K14ac and H3K23ac at the 
p21 TSS while showing no effect at the intergenic locus. [H] HBOl occupancy on p21 gene does not change upon increased BRPF1 
expression. ChIP analysis of HBOl in BRPF1 and control transduced cell lines. All ChIP values are based on two independent 
experiments with standard error. 



chromatin but that its specificity is determined by the 
associated scaffold subunit. While HBO 1 -JADE-ING- 
hEaf6 targets H4K5/8/12 on chromatin, HBOl-BRPF- 
ING-hEaf6 targets H3K14/23. 

Since JADE and BRPF PZP domains behave similarly in 
his tone/chromatin-bin ding functions (Figs. 1, 2; Saksouk 
et al. 2009; Avvakumov et al. 2012) and their domain II 
associates with the same set of ING proteins (ING4/5), 
the drastic change of nucleosomal histone specificity 
put on the MYST acetyltransferase must originate from 
other parts of these scaffold proteins. Obvious candidate 
features are present on BRPF proteins, since they also 



contain a Kac-binding bromodomain and a H3K36me3- 
binding PWWP domain at their C termini (Fig. IB; Vezzoli 
et al. 2010; Filippakopoulos et al. 2012). We constructed 
C-terminal deletions of the PWWP domain and the 
bromodomain in BRPF1. We purified HBOl complexes 
containing either wild-type BRPF1 or BRPF1 lacking 
these domains (Fig. 5D) and used them in HAT assays (Fig. 
5E). Neither the deletion of the PWWP domain nor the 
deletion of the bromodomain of BRPF1 affected the 
specificity of HBOl for histone H3 on chromatin sub- 
strate. These data indicate that the two histone mark 
reader modules at the C terminus of BRPF1 are not 



2016 GENES & DEVELOPMENT 



Histone tail selection by MYST-associated factors 



BRPF1 — 
JADE1L— 



HB01- 



MOZ — t 
(MYST domain) 
ING5, hEaf6 — W 



+HA-ING5, HA-hEaf6 



B 



+HA-ING5, HA-hEaf6 



+HA-ING5, HA-hEaf6 



o» ^ ^ ^ 



anti-Flag 



anti-HA 



■H3 



■H4 




Free histones 



-H3 



■H4 



-H3 
— H2A 

H2B 



Chromatin 



+HA-HB01, HA-NG5, HA-hEaf6 



<> ^ 
<?f <^ 



anti-H3K23ac 
anti-H3K14ac 
anti-H3K9ac 



BRPF1 




+HA-HB01, HA-ING5, HA-hEaf6 

//./ 



HB01 

anti-H3 ING5, hEaf6 



anti-Flag 



anti-HA 



Histones 



chromatin 
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Coomassie-stained gels show equivalent amounts of histones between samples. (C) The HBOl-BRPFl complex acetylates H3K14 and 
H3K23. HAT assays with the purified HBOl-BRPFl complex were performed on chromatin followed by Western blot analysis of 
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histones. The amount of complex used for HAT assays was normalized to free histone activity. Acetylated histones were separated by 
SDS-PAGE and revealed by fluorography. 



involved in selecting the histone tail specificity of the 
HAT complex. 

A short N-terminal region within scaffold subunits 
directs which histone tail is acetylated by MYST 
complexes on chromatin 

When comparing sequence homologies between scaffold 
subunits of human MYST-ING HAT complexes, it be- 
came apparent that some features were conserved at the 
N-terminal region, just before the domain I, responsible 
for binding the MYST subunit (Fig. 6 A). This region is 
considered part of the larger EPcA domain in EPC pro- 
teins, scaffold subunits of the NuA4/Tip60 HAT complex 
(Fig. 1A,B). We showed previously that this small region 
at the beginning of EPcA is important for chromatin 



binding and nucleosomal HAT activity of the yeast NuA4 
complex (Selleck et al. 2005; Chittuluru et al. 2011). To 
investigate whether the corresponding N-terminal region 
in BRPF1 or JADE1 scaffold subunits is implicated in 
nucleosomal HAT activity and, perhaps, histone tail 
selection, we produced N-terminal deletions that re- 
moved the first 20 amino acids of the EPcA-related 
region. The wild- type or truncated JADE1 and BRPF1 
scaffold subunits were purified as tetrameric complexes 
from cotransfections with either HBOl or MOZ as the 
catalytic subunit. HAT assays with the purified com- 
plexes were performed on chromatin (Fig. 6B). Strikingly, 
association of MOZ with JADE1 instead of BRPF1 also 
shifts its histone tail specificity from H3 to H4, as we 
observed for HBOl (Fig. 6B, cf. lanes 4 and 8 and lanes 2 
and 6). Since MOZ is mostly known for acetylating 
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Figure 6. A small N-terminal domain in the 
scaffold subunits of the MYST-ING complexes is 
responsible for directing specific histone tail acet- 
ylation. [A) Sequence alignment of scaffold sub- 
units of the MYST-ING complexes with the 
N-terminal region of the EPcA domain found in the 
EPC proteins (EPC1/2 and Epll). An arrow in- 
dicates the location of the N-terminal truncation 
in BRPF1 and JADE1 mutants. Domain I is the 
region of association with the MYST HAT. [B) 
Deletion of the N-terminal part of scaffold sub- 
units BRPF1 and JADE1L alters chromatin acety- 
lation specificity. 293T cells were cotransfected 
with the indicated expression plasmids, HA- 
tagged catalytic subunits, and Flag-tagged scaffold 
subunits. HA-ING5 and HA-hEAF6 expression 
plasmids were also cotransfected for each purifi- 
cation. Flag immunoprecipitations (IPs) were per- 
formed on WCE and were eluted with 3xFlag 
peptides. Purified complexes were used in HAT 
assays, and acetylated histones were separated by 
SDS-PAGE and revealed by fluorography. The 
complexes were normalized to the same HAT 
activity on free histones (by liquid assays). (C) 
Deletion of the N-terminal part of scaffold subunit 
EPC1 also modifies chromatin acetylation speci- 
ficity. EPC1 wild- type and A 1-1 2 complexes were 
purified and used for HAT assays by coexpressing 
Flag-EPCl, HA-ING3, HA-hEaf6, and HA-Tip60. 
(D) The N-terminal domain of the yeast homolog 
Epll acts similarly in directing histone specificity. 
Recombinant yeast piccolo NuA4 complexes with 
wild-type or A 1-71 Epll were used for HAT assays 
on yeast chromatin, and acetylated histones were 
treated as in A. 



histone H3, this result clearly supports our previous 
conclusion about HBOl and expands it to other MYST 
HATs; i.e., that it is the scaffold subunit that is responsible 
for directing the histone tail specificity during acetylation 
of chromatin, not the acetyltransferase subunit. 

When associated with HBOl, removal of the small 
N-terminal EPcA-related region of JADE1 protein resulted 
in not only a loss of H4 acetylation on chromatin, but 
also a clear appearance of H3 acetylation (Fig. 6B, lanes 
2,3). This was also the case when truncated JADE1 was 
associated with MOZ (Fig. 6B, lanes 4,5). These results 
indicate that this region of JADE1 is important for not 
only acetylation of chromatin, but also histone tail 
selection. However, removal of the same region in BRPF1, 
while leading again to a loss of HAT activity on chromatin 
for both HBOl and MOZ, did not seem to significantly 
change histone tail specificity, as only H3 acetylation 
could be observed (Fig. 6B, cf. lanes 6 and 7 and lanes 8 



and 9). However, repeating the assay with equivalent 
amounts of nucleosomal HAT activity between the wild- 
type and mutant complexes showed a significant loss of 
histone tail specificity, as H4 acetylation is now detected 
in the mutants (Supplemental Fig. 7). Thus, deletion of 
the EPcA-related region leads to reduced nucleosomal 
HAT activity, as we showed for yeast Epll in NuA4 
(Selleck et al. 2005; Chittuluru et al. 2011). However, 
our results also indicate that the same region of JADE1 is 
indeed responsible for selecting the H4 tail versus H3 for 
acetylation on chromatin. Since the loss of tail specificity 
detected with the BRPF1 mutant is more subtle, it is 
possible that H3 tail acetylation is the default target 
driven by the PZP domain in JADE and BRPF proteins. 

To further investigate the molecular mechanisms of 
histone tail selectivity, we analyzed other MYST-ING 
HAT complexes that contain scaffold subunits naturally 
lacking a PZP domain. We purified the human Tip60- 
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EPCl-ING3-hEaf6 complex from cotransfected cells and 
the recombinant yeast piccolo NuA4 complex from 
bacteria. Both of these complexes selectively acetylate 
histone H4 and H2A tails on chromatin substrates (Fig. 
6C,D), while they can target H3 in free histones (Boudreault 
et al. 2003; Doyon et al. 2004). Removal of only the 
first 12 amino acids of human EPC1 and its EPcA 
domain completely abolishes acetylation of the histone 
H4 tail by Tip60 on chromatin (Fig. 6C). In a clear 
contrast, acetylation of the histone H2A tail is preserved. 
Similar results were obtained with yeast piccolo NuA4, 
as a complex containing the equivalent deletion of the 
yeast scaffold protein Epll also lost its activity toward 
nucleosomal histone H4 tail but retained its activity 
toward H2A (Fig. 6D). Thus, deletion of the first portion 
of the EPcA-related domain resulted in loss of H4 acety- 
lation in Tip60/EPCl, NuA4/Epll, JADE1/MOZ, and 
JADE 1 /HBO 1 complexes, supporting a role for this do- 
main in orienting the MYST HAT to acetylate the H4 tail 
in chromatin. However, since there was no loss of H2A 
tail-specific acetylation by Tip60 and NuA4, in compar- 
ison with gain of H3 tail acetylation in the case of JADE1, 
these results suggest that other histone tail specificity 
determinants are at play, likely within the same region of 
the scaffold subunits. Altogether, these data indicate that 
scaffold subunits in MYST acetyltransferase complexes 
are not only essential to enable acetylation of chroma- 
tin, but also required to direct which histone tail gets 
acetylated. 

Discussion 

Post-translational modifications of histone residues can 
directly alter chromatin structure by modulating the 
interactions between histones and DNA. They can also 
serve as docking platforms for the binding of chromatin- 
associated proteins and thus in activating nuclear signal- 
ing pathways (Musselman et al. 2012). A tight regulation 
of the deposited modifications and the related enzymes 
is thus necessary to ensure proper chromatin dynamics. 
The MYST family of acetyltransferases assembles in 
different multiprotein complexes. Several subunits of 
these complexes contain such histone recognition motifs 
(Avvakumov and Cote 2007b ; Avvakumov et al. 2012). In 
this study, we dissected the binding properties of the PZP 
domain located in the BRPF1 protein, a scaffold subunit 
of MOZ/MORF HAT complexes. We found that, as for 
JADE1 and BRPF2 PZP domains (Saksouk et al. 2009; 
Qin et al. 2011; Avvakumov et al. 2012), the first PHD 
finger of BRPF1 has strong affinity for the histone H3 
N- terminal domain but only when H3K4 is not methyl- 
ated. Interestingly, PHD1 acts dominantly over PHD2 
within the PZP in blocking interaction with methylated 
forms of H3K4 (Fig. 1). Nevertheless, both PHD1 and 
PHD2 are required for the MOZ-BRPFl-ING5-hEaf6 
complex to bind histone H3 in vivo and acetylate chro- 
matin in vitro (Fig. 2). Thus, although PHD2 does not 
show any structured binding to histone peptides in vitro, 
it is still required for proper binding of the BRPF1 
complexes to chromatin. This is reminiscent of the 



JADE1 PHD2 finger, which is also essential for binding 
chromatin in vivo and for the tumor suppressor activity 
of the HBOl complex (Saksouk et al. 2009). However, our 
results with BRPF1 PHD fingers suggest that they act 
together as a single functional module, the PZP domain, 
to bind chromatin and allow its acetylation by the MYST 
HAT. This is supported by similar results obtained when 
only the Zn knuckle region between PHD1 and PHD2 is 
deleted (data not shown). Interestingly, it was recently 
suggested that the BRPF2 PHD2 finger could in fact bind 
DNA (Liu et al. 2012). Our NMR data with dNMPs and 
BRPF1 PHD2 also support this model (Supplemental Fig. 
le). Thus, within the PZP domain, PHD2 could assist 
PHD1 by allowing binding to nucleosomal DNA, while 
PHD1 locks in the histone H3 N-terminal domain. 

As multiple chromatin-binding domains are found 
within the different subunits of MYST-ING HAT com- 
plexes, further study is still required to understand the 
interplay that exists between them. We showed that the 
ING5 PHD domain directs binding of the associated 
complexes to H3K4me3-rich regions and stimulates acet- 
ylation both in vitro and in vivo (Figs. 3, 4). Since both 
MOZ and BRPF1 have been linked to HOX gene activa- 
tion (Laue et al. 2008; Voss et al. 2009; Qiu et al. 2012), it 
is thus very likely that their transcriptional regulation 
occurs via their binding to the TSSs of these genes, which 
are highly enriched in H3K4me3 (Fig. 3G). Moreover, 
in the absence of ING5, we clearly demonstrate that the 
PZP domain-binding features inhibited the acetylation 
on H3K4 methylated peptides (Fig. 3B). Thus, the PHD of 
the ING5 subunit prevails over the PZP domain of BRPF1, 
redirecting the binding of the complex to H3K4me3- 
containing chromatin. Nevertheless, even when ING5 is 
present, the PZP domain is required for binding to chro- 
matin and acetylation. It is possible that BRPF-ING HAT 
complexes target asymmetric nucleosomes in which only 
one H3 tail is methylated on Lys4. These complexes may 
also favor spreading of the H3K4 methylation mark by 
simultaneously binding a methylated nucleosome through 
ING5 and an adjacent unmethylated one through the PZP, 
leading to acetylation of H3K14, which stimulates meth- 
ylation of H3K4 (Nakanishi et al. 2008; Maltby et al. 2012). 
The MOZ/MORF HATs found associated with BRPF1 also 
contain a tandem PHD domain that has recently been 
shown to bind unmodified H3R2 and acetylated H3K14 
(Ali et al. 2012; Qiu et al. 2012). It will be interesting to 
determine how the five PHD fingers found in different 
subunits of the MOZ/MORF-BRPFl-ING5-hEaf6 com- 
plex functionally interact with each other and other 
histone reader modules during binding to chromatin. 

Some apparent contradictions are present in the lit- 
erature regarding the HBOl acetyltransferase. We and 
others have shown that the HBOl enzyme is purified 
with JADE scaffold proteins and is responsible for histone 
H4 tail acetylation (Doyon et al. 2006; Iizuka et al. 2006, 
2008; Foy et al. 2008; Miotto and Struhl 2010). We even 
showed that HBOl siRNA-mediated knockdown in HeLa 
cells leads to a global loss of H4 acetylation on Lys5, Lys8, 
and Lysl2, matching in vitro specificity on chromatin and 
arguing that HBOl was the main H4-specific HAT in 
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mammals (Doyon et al. 2006). On the other hand, it was 
later shown that HBOl gene knockout in mouse embryos 
leads instead to a loss of bulk H3K14ac in primary 
embryonic fibroblasts at embryonic day 9.5 (E9.5), while 
H4 acetylation persisted (Kueh et al. 2011). In addition, 
a HB01-BRPF2 complex was reported in K562 leukemic 
cells and shown to target global H3K14 acetylation and 
erythroid regulators (Mishima et al. 2011). These contra- 
dicting results are quite adequately explained in the 
present study with the finding that HBOl -JADE and 
HBOl-BRPF HAT complexes coexist within HeLa cells 
(Fig. 4). Moreover, this differential association with dis- 
tinct scaffold subunits is responsible for switching HBOl 
specificity on chromatin toward different histone tails 
(Fig. 5). The HBOl-JADEl complex targets mainly H4 
residues, whereas the HBOl-BRPFl complex acetylates 
only H3 in the context of chromatin. The varying protein 
expression levels between different tissues and/or during 
different developmental stages thus allow for fine-tuned 
regulation, leading to differential patterns of acetylated 
histones across the genome. Such functionally important 
tissue-specific variability of paralog subunits in chro- 
matin regulators has been well documented for the 
BAF(SWI/SNF) remodeling complex (Hargreaves and 
Crabtree 2011). It is important to point out that HBOl 
is nevertheless confirmed as a major mammalian HAT, 
since its depletion leads to global loss of histone acet- 
ylation on H3 in mouse erythroblasts/embryonic fibro- 
blasts or on H4 in HeLa cells (Doyon et al. 2006; Kueh 
et al. 2011; Mishima et al. 2011). It will be very in- 
teresting to determine what is responsible for bulk H4 
acetylation in Hbol~^~ mouse embryonic fibroblasts 
(Kueh et al. 2011). Is it Tip60? Is it another MYST HAT 
now associated with a JADE protein? 

We identified a short EPcA-related N-terminal domain 
in BRPF1 and JADE1 as the region responsible for histone 
tail specificity of the associated MYST acetyltransferase 
on chromatin substrates (Figs. 6, 7). Interestingly, trun- 
cation of this domain in human EPC1 and yeast Epll 
protein cripples Tip60/NuA4 7 s ability to acetylate micr- 
osomal H4, but histone H2A acetylation persists. This 
basic region of Epll was recently shown in cross-linking 
experiments to bind the histone H2A N-terminal tail in 
nucleosomes (Huang and Tan 2013). Thus, it is tempting 
to speculate that this binding to H2A is orienting the 
NuA4 complex on the nucleosome to target the H4 tail 
for acetylation. The corresponding regions in BRPF and 
JADE proteins would bind nucleosomes in distinct man- 
ners, leading to different histone tail selection for acetyla- 
tion. The residual acetylation of H3 tail detected in BRPF1 
and JADE1 truncations may be driven by the H3 -binding 
function of the PZP domain and/or the ING subunit. 
Indeed, we showed that H3K4me3 -binding ING4/5 sub- 
units favor acetylation of histone H3K14 even from within 
the HBOl-JADEl complex (Hung et al. 2009; Saksouk 
et al. 2009). It is important to point out that ING4/5 in this 
case allows H3K14 acetylation on top of the main H4 
acetylation performed by HBOl-JADEl, not a complete 
switch of histone tail specificity, as demonstrated here 
between the HBOl-JADEl and HBOl-BRPFl complexes. 
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Figure 7. Model for MYST acetyltransferase assembly in alter- 
nate complexes, leading to different histone tail specificities. [A) 
Schematic representation of protein domains in BRPF paralogs 
and their demonstrated specific interactions/roles. [B] The 
HBOl and MOZ/MORF catalytic subunits can be associated 
with different scaffold proteins, leading to a switch in histone 
tail specificity for acetylation of chromatin substrates. Thus, 
protein complexes associated with HAT proteins not only 
enable them to acetylate chromatin substrates, but also select 
which histone tail is targeted, a specificity previously thought to 
reside in the acetyltransferase itself. The arrow between MOZ/ 
MORF and JADE1/2/3 is gray, since this interaction has only 
been reported in cotransfection experiments. 



It is well established that acetylation neutralizes the 
charge of lysine residues to modulate the interactions 
with nucleosomal DNA and neighboring nucleosomes, 
regulating higher-order chromatin structure (Tse et al. 
1998). Indeed, H3 acetylation shows distinctive effects on 
modulating the tertiary structure compared with H2A or 
H4 acetylation (Siino et al. 2003; Wang and Hayes 2008), 
underlying the importance of specific histone acetylation 
in regulating different cellular processes. H3 acetylation 
essentially appears to affect DNA accessibility in in- 
dividual nucleosomes, while H4 acetylation has more 
long-range effects on chromatin compaction (Wang and 
Hayes 2008). Moreover, acetylated lysines on histones H3 
and H4 can recruit distinct nuclear effector proteins, such 
as transcriptional coactivators like Rsc4 by H3K14ac, 
TRIM24 by H3K23ac, and Brd2 by H4ac ( Agalioti et al. 2002; 
Kasten et al. 2004; Agricola et al. 2006; Tsai et al. 2010; 
Draker et al. 2012). Such differential recruitment of specific 
bromodomain-containing proteins could thus help regulate 
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the expression levels of specific genes (Filippakopoulos et al. 
2012). It remains to be determined how the specific 
diacetylation of H3K14/23 by BRPF1-MYST complexes is 
interpreted compared with the different combinations de- 
posited on H3 by PCAF/GCN5 and CBP/p300. 

In conclusion, this study uncovers a new crucial role of 
factors associated with HAT proteins in multisubunit 
complexes. We and others demonstrated previously that 
complex assembly is required to enable HAT enzymes to 
acetylate their targets in native chromatin substrates 
(Carrozza et al. 2003). We now show that scaffold sub- 
units associated with MYST family HATs not only allow 
chromatin binding and acetylation, but also select which 
histone tail becomes acetylated. Until now, histone tail 
specificity has been thought to reside in the acetyltrans- 
f erase protein. The alternate association of the HBOl 
catalytic subunit with BRPF and JADE proteins induces 
a striking shift of acetylation specificity between H3 and 
H4 tails. These results highlight the new role of the 
associated scaffold subunits within MYST-ING acetyl- 
transferase complexes in directing the acetylation of 
specific histone tails. These findings add a new mecha- 
nism to the regulation of chromatin dynamics and call for 
caution when interpreting and comparing studies in 
which the function of HAT proteins is analyzed outside 
their physiological context. 

Materials and methods 

Purification of MYST HAT complexes 

The native BRPF1 complex was purified from a retrovirus trans- 
duced HeLa cell line expressing 3xFlag-BRPFl from a CMV 
promoter (pRCF vector). Nuclear extract were prepared follow- 
ing standard procedures (Abmayr 1993), and immunoprecipita- 
tion with anti-Flag agarose beads (Sigma) was done before eluting 
with Flag peptide buffer (100 mM KCl, 20 mM HEPES at pH 7.5, 
20% glycerol, 0.1% Triton X-100, 400 |ig/mL 3xFlag peptide, 
1 mM DTT, 0.1 mM ZnCl 2/ 1 mM PMSF). Tandem affinity 
purification of the native HBOl complexes was done as previously 
described (Doyon et al. 2006). Purification of MYST complexes 
from transient transfections was performed in 293T cells. Cells 
were transfected near confluency with 6 |xg of each plasmid 
(MYST, ING, BRPF/JADE/EPC, and hEAF6 with the indicated tags) 
per 150-mm plate. Cells were harvested 48 h post-transfection, 
and whole-cell extracts (WCEs) were prepared followed by anti- 
Flag immunoprecipitation/elution with Flag peptide or anti-HA 
immunoprecipitation/elution with HA peptide as previously de- 
scribed (Saksouk et al. 2009; Avvakumov et al. 2012). Tandem 
mass spectrometry analysis was done after in-gel digestion with 
trypsin at the Taplin Mass Spectrometry Facility. Expression 
vectors were constructed and, when indicated, mutated following 
standard procedures (details are available on request). PHDl and 
PHD2 deletions correspond to amino acids 265-355 and 359-450. 

Recombinant protein purifications and peptide pull-downs 

The BRPF1 PHDl (amino acids 275-329), PHD2 (amino acids 
385-456), and PZP (amino acids 256-543) domains were ex- 
pressed in Escherichia coli Rosetta pDEST15 or BL21 pGEX4T3 
cells grown in LB or 15 NH 4 Cl minimal medium supplemented 
with 1.5 mM ZnCl 2 . After induction with 1.0 mM IPTG for 16 h 
at 20°C, bacteria were harvested by centrifugation and lysed with 



lysozyme and/or by sonication. The unlabeled and 15 N-labeled 
GST fusion proteins were purified on glutathione Sepharose 4B 
beads (GE Healthcare). The GST tag was either cleaved with 
PreScission protease or kept for Western blot analysis/peptide pull- 
downs, in which case the GST fusion protein was eluted off the 
glutathione Sepharose beads using 50 mM reduced L-glutathione 
(Sigma Aldrich). For NMR analysis, the proteins were concen- 
trated into 20 mM Tris-HCl (pH 6.8) in the presence of 150 mM 
NaCl, 10 mM dithiothreitol, and 10% D 2 0. Protein complex 
purification from bacteria and SF9 cells was done as previously 
described (Selleck et al. 2005; Ullah et al. 2008). Peptide pull- 
downs with GST fusion proteins were performed as previously 
described using biotinylated peptides and streptavidin magnetic 
beads (Saksouk et al. 2009). 

NMR spectroscopy 

NMR experiments were performed at 25 °C on Varian IN OVA 
600- and 500-MHz spectrometers using pulse field gradients to 
suppress potential artifact and eliminate water signal. 1 H, 15 N 
heteronuclear single quantum coherence (HSQC) spectra of 
uniformly 15 N-labeled PHDl, PHD2, and PZP (0.1-0.2 mM) 
were recorded as histone tail peptides (synthesized by the Uni- 
versity of California at Davis Biophysics Core Facility), dNMPs (a 
mixture of dAMP, dTMP, dCMP, and dGMP, 1:1:1:1), or unlabeled 
PHDl were added stepwise. 

Fluorescence spectroscopy 

Tryptophan fluorescence measurements were carried out at 25°C 
on a Fluoromax-3 spectrofluorometer. The samples of 1-10 |xM 
PHDl or PZP containing progressively increasing concentrations 
of histone peptides (up to 1 mM) were excited at 295 nm. Emission 
spectra were recorded between 305 and 405 nm with a 0.5 -nm step 
size and a 1-sec integration time and were averaged over three 
scans. values were determined by a nonlinear least-squares 
analysis using the equation 



A/= AW (([I] + [P] + K d ) - ^([L] + [P] + K d ) 2 -4[P}[L]^ j 2[P], 

where [L] is the concentration of the peptide, [P] is the concen- 
tration of the protein, Al is the observed change of signal 
intensity, and A7 max is the difference in signal intensity of the 
free and fully bound states of the protein. The K d values were 
averaged over three separate experiments, with error calculated 
as the standard deviation between the runs. 

Antibodies and peptides 

The following antibodies were used for Western blotting with 
the indicated dilutions: anti-Flag M2 HRP (1:10000; Sigma), anti- 
HA HRP (1:1000; Roche), anti-HAll (1:1000; Babco), anti-HBOl 
(1:2000; Abeam), anti-hEaf6 (1:1000; Abeam), anti-MORF 
(1:1000) (Ullah et al. 2008), anti-ING5 (1:1000; Abeam), and 
anti-H3 (1:5000; Abeam). For ChIP and ChlP-seq, the following 
antibodies were used: anti-H3K4me3 (Abeam), anti-H3 (Abeam), 
anti-H4ac (Millipore), anti-H3K14ac (Millipore), anti-H3K23ac 
(Millipore), anti-ING5 (Abeam), anti-HBOl (Abeam), anti-ING2 
(Epitomics), anti-MRG15, and anti-BRPF2 (Bethyl Laboratories). 
Biotinylated histone peptides were purchased from Millipore. 

HAT assays 

Native human chromatin and free histone were purified as 
previously described (Utley et al. 1996). HAT assays with 300 ng 
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of histone peptides (Millipore), 500 ng of core histories, or 500 ng 
of HI -depleted oligonucleosomes prepared from HeLa S3 cells 
were performed in a 15-(xL reaction containing 50 mM Tris-HCl 
(pH 8.0), 10% glycerol, 1 mM DTT, 0.1 mM EDTA, 1 mM PMSF, 
10 mM sodium butyrate (Sigma), and 1.25 nCi 3 H-labeled (Perkin 
Elmer Life Sciences) or unlabeled acetyl-CoA (Sigma). Samples 
were either spotted on P81 membranes (GE Healthcare) for 
counting or loaded on 18% SDS-PAGE gels. For gel assays, 
Coomassie staining was followed by EN 3 HANCE (Perkin Elmer) 
treatment and fluorography. 

ChIP assays 

Chromatin preparation from RKO cells was done as previously 
described (Avvakumov et al. 2012). For immunoprecipitation of 
chromatin, we used 200 |xg of chromatin with 1-3 |xg of specific 
antibodies incubated overnight at 4°C. Next, 40 julL of Protein A 
Dynabeads (Invitrogen) was added to each sample and incubated 
for 4 h at 4°C. The beads were washed extensively and eluted 
with 1% SDS and 0.1 M NaHC0 3 . Cross-linked samples were 
reversed by heating overnight at 65°C in the presence of 0.2 M 
NaCl. Samples were then treated with RNase A and proteinase K 
for 2 h, and DNA was recovered by phenol-chloroform and 
ethanol precipitation. Quantitative real-time PCR corrected 
for primer efficiencies in the linear range was performed using 
SYBR Green I (Roche) on a LightCycler 480 (Roche). The error 
bars represent standard errors based on two independent ex- 
periments. The primers used for quantitative PCR amplified 
the following genomic regions (build hgl8): p21 TSS chr6, 
36,754,421-36,754,542; p21 + 2 kb chr6, 36,756,871-36,756,972; 
and intergenic chrl2, 65,815,182-65,815,318. 

ChlP-seq analysis 

ChIP and library preparation for sequencing were done as pre- 
viously described (Avvakumov et al. 2012). Samples were se- 
quenced by 50-base-pair (bp) single reads on either a Genome 
Analyzer platform (HBOl, BRPF1/2, and input) or a HiSeq 2000 
platform (H3K4me3, H3, IgG, ING2, and ING5) (Illumina). Raw 
sequences were mapped using Bowtie (PubMed identification 
[PMID]: 19261174) on build hgl8 of the human genome and 
deposited in the Gene Expression Omnibus (GEO) database 
under accession number GSE47190. HBOl and input data were 
previously deposited under accession number GSE33221. 
Uniquely mapped sequences were kept for downstream analysis. 
The global profiles at TSSs presented in Supplemental Figure 3 
were produced using the University of California at Santa Cruz 
genome browser gene definitions and the Python package HTseq. 
We extended the reads to 200 bp to be in line with our sonication 
protocol. In the case of multiple TSSs associated with the same 
gene, we selected the one with the highest number of H3K4me3 
mapped reads within 5000 bp around the TSS. For gene expres- 
sion level in RKO cells, we used publicly available data from 
an Affymetrix U133 plus 2.0 chip (PMID: 16300372). The 
binning of genes by their level of expression was performed 
by first sorting the log2 expression level and then subdivid- 
ing genes in four equal categories (quartiles). The heat maps 
presented in Figure 3 were generated using a custom script in 
R (http://www.r-project.org). Briefly, we computed the profile for 
every ChlP-seq experiment for every gene, considering 5000 bp 
on both sides of the TSS. We took the profile around the TSS 
and binned it at every 50 bp. We then generated the heat maps 
using the binned values. For all of the heat maps, genes were 
sorted by function of their expression values in the RKO cell 
line, with the most expressed genes at the top of the heat map 
(PMID: 16300372). 
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